We have fabricated p-type PtSi/SiGe/Si Schottky diodes with barrier heights ͑from photoresponse͒ that are lowered ͑relative to PtSi/Si͒ and highly dependent on the applied bias. The variability in the barrier height is obtained by using the SiGe/Si valence band offset as an additional barrier. When placed in close proximity to the PtSi/SiGe Schottky barrier, the total effective barrier can be altered dramatically by adjusting the applied reverse bias. The voltage sensitivity of the total barrier height can be controlled by the SiGe layer thickness. The voltage-variable barrier heights range, for example, from 0.30 eV at zero bias to 0.12 eV at 2.4 V reverse bias for a 20%, 450 Å thick SiGe layer. This lowest barrier height corresponds to a cutoff wavelength of 10 m, extending the detection range of PtSi infrared detectors to the long-wavelength range. The quantum efficiency coefficients C 1 are normal at this long-wavelength end, but reduced over the rest of the tunable range, because hot carriers have to traverse the entire SiGe thickness in order to be detected. The hot carriers' energy losses from quasielastic scattering in the SiGe are taken into account in a theoretical model that gives good agreement with data.
PtSi/Si Schottky diodes are currently used in commerically available infrared video cameras for imaging at wavelengths below 5.5 m.
1 This cutoff wavelength is defined by the PtSi/p-Si Schottky barrier height ͑SBH͒ of ϳ0.22 eV. It is desirable to extend Si-based infrared detectors to longer wavelengths ͑up to 12 m͒. Long-wavelength Si-based infrared detectors that have been demonstrated include IrSi/Si Schottky diodes 2 ͑SBH ϳ0.12 eV͒, SiGe/Si heterojunction internal photoemission ͑HIP͒ detectors, 3 SiGe/Si quantum well infrared photodetectors ͑QWIPs͒, 4, 5 and doping-spike PtSi/Si detectors. 6 Recently, PtSi/SiGe Schottky diodes were reported with extended cutoff wavelengths of up to 8.5 m for 15% Ge. 7, 8 While the extension of cutoff wavelengths has been the motivation for silicide/SiGe detectors, another useful effect, that of highly voltage-variable barrier heights, can be obtained by using the SiGe/Si valence band offset in conjunction with the PtSi/SiGe Schottky barrier. For thin SiGe layers, the SiGe/Si offset can be made to lie in the diode's depletion region, just behind the Schottky barrier maximum, and extending higher in ͑hole͒ energy. Because the offset barrier is deeper in the semiconductor than the Schottky barrier, it is much more susceptible to an applied reverse bias. Such voltage tunable, extended-wavelength PtSi/SiGe/Si diodes are the subject of this letter. ͑A different type of tunable infrared detector, based on the growth of Si on epitaxial silicides or degenerately doped SiGe, has been previously reported.
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The p-type ͑boron-doped͒ SiGe structures were grown on high-quality p-Si substrates by rapid thermal chemical vapor deposition ͑RTCVD͒, in a system that has been described previously. 11 The SiGe layers were capped with Si, and a layer of graded Ge concentration was grown between the SiGe and the Si. SiGe samples with Ge concentrations of 10%, 15%, and 20% were used in this study, together with a control PtSi/Si diode. To keep the layers strained, the thicknesses were reduced with increasing Ge content. Thus the total SiGe layer thicknesses were 1200, 650, and 500 Å, respectively. The portions of the total SiGe layer thickness with uniform ͑nongraded͒ Ge concentrations were 600, 400, and 300 Å, respectively. The PtSi diodes were made by reacting Pt with the Si capping layer. This was done to avoid Pt-SiGe reactions, which have been observed to result in barrier heights that are higher than PtSi/Si. 7, 12 The Pt depositions were done by electron beam evaporation in a loadlocked ultrahigh vacuum system. The wafers were held at 350°C during deposition and the silicides were formed by annealing in situ for 1 h. The samples were processed with guard ring structures in the Si below the SiGe. Absolute photoresponse measurements were made with a Perkin Elmer single-pass monochromator and a SiC globar at 1000°C as the infrared source. The input radiation was chopped at 139 Hz and the photoresponse measured by lock-in amplifier.
Measurements were made at a temperature of 40 K or lower. Low temperatures are necessary to minimize the thermally generated current, compared with the photocurrent. Figure 1 is a band diagram of a tunable PtSi/SiGe/Si Schottky diode detector, showing the extra barrier formed by the SiGe/Si offset at zero bias. The effective barrier height to photoexcited holes is increased and is given by the height of this offset peak above the Fermi level. As the externally applied reverse bias is increased, the SiGe/Si offset barrier is lowered in ͑hole͒ energy much more than the Schottky bar- rier. The result for a PtSi/SiGe/Si structure is a composite barrier, Schottky plus heterojunction, whose total height is much more susceptible to a reverse bias than a normal Schottky barrier. This enhanced variability, however, holds only up to a transition point voltage, when the SiGe/Si offset is lower than the Schottky barrier. At voltages greater than this transition voltage, the dependence of the barrier height is that of a standard Schottky diode. Figure 2 is a series of Fowler plots of the quantum efficiency of the PtSiրSi 0.85 Ge 0.15 /Si diode at various reverse biases. At low biases, high barrier heights, corresponding to emission over the SiGe/Si offset, are observed. These barrier heights change rapidly with bias, which is expected for emission over the SiGe/Si offset. The energy loss due to scattering of hot carriers in the SiGe will result in some deviation of the Fowler plot from linearity near the threshold, so that the linearly extrapolated barrier heights will be somewhat greater than the height of the SiGe/Si offset. After about 0.6 V, the barrier heights change much more slowly, which is expected for emission over the Schottky barrier. Figure 3 is a plot of the barrier heights against reverse bias, obtained from the Fowler plots in Fig. 1 and from other samples of varying Ge concentrations and thicknesses. For the 20% and 15% Ge samples, the SiGe thicknesses and band offsets are such that the large bias dependence of emission over the SiGe/Si offset is observed, followed by the normal Schottky bias dependence after a transition-point bias. Note that a saturation barrier height of 0.12 eV is measured for the Si 0.8 Ge 0.2 sample, corresponding to a cutoff wavelength of 10 m. For the 10% Ge sample, the total SiGe layer was thick enough so that no second barrier was detected, and only the normal Schottky bias dependence is observed, similar to that in the 0% Ge sample. It must be noted that the maximum height of the SiGe offset barrier depends only on the initial Ge concentration at the PtSi/SiGe interface and on the thickness of the total SiGe layer, and not on the rate of Ge grading within the layer. The Ge grading affects only the profile of the energy barrier.
The bias-dependent effective barrier heights are modeled by modifying the standard Schottky barrier equation. 13 For metal/SiGe/Si diodes in which the SiGe is thin enough to lie entirely within the depletion region, the effective barrier height q eff , for p-type diodes, will be 14
where z sg is the thickness of the SiGe layer, and ⌬E v is the valence band offset at the SiGe/Si interface, taken as 90% of the total band gap change ⌬E g , for which the empirical equation ⌬E g ϭ0.94xϪ0.43x 2 ϩ0.17x 3 , where x which is the Ge percentage, was used. 15 All energies are referred to the Fermi level E F . The second term in Eq. ͑1͒ is the image potential energy, and q sg is the PtSi/SiGe Schottky barrier height. In the first term, U(z,W) is the electrostatic potential energy due to the space charge region 15 cm Ϫ3 for 20% Ge, and z sg ϭ650 Å, ⑀ loss ϭ210 meV, and N a ϭ1.3ϫ10
16 cm Ϫ3 for 15% Ge.
͑UϾ0 for holes͒, W͑V,V bi ͒ is the depletion layer width, V is the externally applied bias, and V bi ͑ sg ,⌬E v ͒ is the built-in potential difference. For the metal/SiGe/Si diode, again where the SiGe is thin enough to be completely depleted, the built-in potential, difference is modified by the addition of the valence band offset: qV bi ϭq sg ϩ⌬E v Ϫ͑E v ϱ ϪE F ͒, where the last term in the parentheses is determined by the doping level. From this V bi , U and W are calculated in the standard way. 13 The last term in Eq. ͑1͒ must be included because the expected energy loss of carriers from scattering in the SiGe will result in an effectively higher threshold energy for hot carriers from the metal. This energy loss is depicted schematically in Fig. 1 . The energy loss scattering mechanism must have low momentum transfer so that carriers are not redirected away. A likely mechanism is therefore optical phonon scattering from the three optical modes in SiGe. The resulting fits are the solid curves in Fig. 3 . For 20% Ge, the parameters of the curve are z sg ϭ450 Å, ⑀ loss ϭ103 meV, and N a ϭ6.5ϫ10
15 cm Ϫ3 . For 15% Ge, the parameters of the curve are z sg ϭ650 Å, ⑀ loss ϭ210 meV, and N a ϭ1.3ϫ10 16 cm Ϫ3 . The values of ⑀ loss , comparable in magnitude to the other large terms in Eq. ͑1͒, indicate that several phonon scattering events occur in the SiGe before emission over the SiGe/Si barrier. This is a result of the thickness of the SiGe layer. The value of sg is determined by the saturation value and is not adjustable.
Analysis of the bias dependence of C 1 , obtained from the slope of the Fowler plots, shows behavior that is consistent with emission over the SiGe/Si interface. For normal Schottky diodes C 1 has been shown to depend on z m ͑ V ͒, the bias-dependent position of the Schottky barrier maximum, typically about 25-50 Å from the metal-semiconductor interface. 16 The bias dependence is found to be proportional to exp͓Ϫz m ͑ V ͒ ր L͔, where L is a composite length for scattering events that prevent carriers that have crossed the metal-semiconductor interface from surmounting the Schottky barrier maximum. This length therefore includes elastic scattering events that redirect carrier momenta, as well as completely inelastic scattering events, so that it is to be distinguished from semielastic ͑i.e., with some energy loss͒ scattering lengths deduced from the last term of Eq. ͑1͒. A log plot of C 1 vs z m ͑ z m is calculated from the reverse bias͒ should therefore yield approximately linear behavior, as observed in Fig. 4 for the PtSi/Si control diode and the 10% Ge sample, in which the barrier heights had normal Schottky bias dependence. For PtSi/SiGe/Si diodes, the C 1 coefficients at low bias are expected to be very much reduced, because the much greater distance is associated with emission over the SiGe/Si interface, as compared to z m ͑ V ͒. Around the transition-point bias, however, the C 1 coefficient should rise sharply to much higher values, corresponding to emission over the Schottky barrier. This behavior can be observed in Fig. 2 , where the slopes corresponding to the rapidly changing barrier heights are much smaller than the slopes corresponding to the slowly changing barrier heights. It is also made clearer in Fig. 4 , for the 15% and 20% Ge samples. In this plot, the low values for emission over the SiGe/Si offset are followed by a rapid rise and subsequent linear behavior.
The tunability feature should allow for spectral analysis of infrared images by varying the spectral response from frame to frame.
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